Waterlogging remains a critical constraint to wheat production in areas with high rainfall. Exogenous application of nitrogen (N) can effectively diminish the adverse effects of waterlogging, but varies with specific events. To provide highly efficient remedial strategies, this pot study investigated the effects of urea application following 10 days of waterlogging initialing at the stem elongation stage (Zadoks growth stage, GS33). The remedial measures included foliar spray of urea solution at a single dose (0.108 g urea per pot) at the 0th day after finishing waterlogging (FU1) and twice at the 0th and 7th day (FU2), and soil surface spray of urea solution at single and double doses when soil water content was approximately 80% of field capacity (SU1 and SU2, respectively). Waterlogging significantly reduced grain yield, total N uptake, and N partial factor productivity (by 11%, 18%, and 11%, respectively), but subsequent remedial measures improved these to variable degrees. Reduction in grain yield owing to waterlogging could be effectively alleviated and even eliminated using these remediations. Grain yield and N partial factor productivity were higher under FU2 and SU2 than FU1 and SU1. Among all treatments, plants under SU2 exhibited the highest total N uptake and top-dressing N recovery. Diminished yield losses were attributed to (1) increased kernel number per spike resulting from increased spikelet fertility and kernel number per spikelet and (2) increased photosynthetic production by delaying senescence (improved chlorophyll content and maintained green leaf area) of the top leaves. This study suggests that urea application for a brief period of time following waterlogging during the stem elongation stage has remarkable remedial effects.
Introduction
Waterlogging is one of the global abiotic stresses that affect crop yield and quality [1, 2] . It has been the critical constraint to crop production in the high rainfall zone of China, Australia, United States, Indian, and Pakistan [3] [4] [5] [6] . Globally, soil waterlogging frequently occurs on 12% of arable land, causing about 20% of reported yield losses [7] . Waterlogging affects 10-15 million ha of wheat annually, resulting in 20-50% yield losses [8] . With global climate change, waterlogging events have become more frequent, severe, and unpredictable [9] .
The influences of waterlogging on wheat vary with soil property, meteorological condition, cultivar, growth stage, and exposure duration [10] [11] [12] [13] . Waterlogging at the early growth stages reduces tiller number and inhibits spike development [14] [15] [16] . Short periods of waterlogging have considerable effects on the growth of young wheat plants by reducing root length and leaf nitrogen concentrations [17] . However, this effect can be partially counterbalanced by subsequent long-term growth of roots and shoot recovery and/or the compensation from increasing kernel weight [18, 19] . Thus, yield losses at maturity are limited [20, 21] . In contrast, the period from stem elongation to anthesis and post-anthesis has been identified as the critical developmental stage when waterlogging negatively affects wheat [22, 23] . Previous studies have reported that waterlogging, when implemented at the late phase, reduces spike weight (including kernels per spike and kernel weight) to different degrees [15, 22, [24] [25] [26] . Waterlogging also induces senescence of plants and inhibits photosynthesis and respiration in leaves, causing a decrease in photosynthetic products [12, 22, [27] [28] [29] . Therefore, breeding and release of waterlogging tolerance cultivars and soil and crop management practices have been seeking to minimize the impact of waterlogging, in particular during the late period, on crop productivity [1, 8, 10, 30] .
Nutrient deficiency, in particular reduced nitrogen uptake, is one of the primary effects of waterlogging stress on wheat [31] [32] [33] . The application of nitrogen fertilizer has been shown to diminish the effects of waterlogging [34] [35] [36] , and increased rates of top-dressed urea significantly increase wheat grain yield on waterlogged soils [33, 37] . Compared with the pre-waterlogging application, the application of nitrogen fertilizers during or immediately following waterlogging is less effective in cotton plants due to the inefficient nutrient ion absorption capacity of impaired roots [38] . In contrast, foliar spraying of nutrients could significantly alleviate the adverse effects of waterlogging on barley seedlings by improving nutrient content in plants and reducing leaf senescence [39] . Similarly, the negative effects of waterlogging after the anthesis stage in wheat could be effectively alleviated by nitrogen spraying [40] . Therefore, appropriate application methods, timing, and rate of fertilizer application should be considered in specific waterlogging events to effectively prevent plant damage.
In China, nearly 4 million ha of wheat is sown in the middle and lower reaches of the Yangtze River, where waterlogging events cause a 20% reduction in yield each wet year [41] . In this region, nearly 60% of rainfall during the wheat growth period occurs from the stem elongation to maturity stages (March to May) when abnormal precipitation events significantly reduce wheat grain yield [41, 42] . Thus, in this study, waterlogging at the stem elongation stage and subsequent application of urea were conducted to (1) quantify the benefits of urea application; (2) determine the effects of these treatments on yield components and photosynthetic production; and (3) propose effective strategies minimizing damages.
Material and Methods

Growth Conditions
The experiment was conducted from 2017 to 2018 at the Agricultural College of Yangzhou University's Agricultural Experiment Station (Yangzhou, China), which is located in the middle and lower reaches of the Yangtze River. The tests used polyvinyl chloride pots with a top diameter of 26 cm, a bottom diameter of 18 cm, and a depth of 26 cm. There were eight drainage holes at the base. The upper 0-20 cm of the topsoil was excavated from a local field, dried naturally, and sieved through a 5 mm mesh. Eleven kilograms of the sieved soil was mixed with a pre-prepared 3.3 g inorganic compound fertilizer (containing 15% N, 15% P 2 O 5 , and 15% K 2 O) and 0.66 g urea (containing 46% N). The pots were filled with the soil mixture, watered with 5 L of water, and left for 2-3 days for the soil to settle and for water to drain. The soil was loamy clay. The original soil prior to the experiment contained 11.4 g·kg −1 organic C, 42.3 mg·kg −1 available N, 45.8 mg·kg −1 available P, and 33.9 mg·kg −1 available K.
Eleven wheat seeds were uniformly placed on the soil surface on 3 November 2017, and covered using 1 kg of the original sieved soil. Eight seedlings with similar plant sizes were retained at the three-leaf stage (Zadoks growth stage, GS13). At the four-leaf stage (GS14), each pot was top-dressed with 0.35 g urea, after which 3.3 g compound fertilizer and 0.32 g urea were applied at the stem elongation stage (GS31). Insecticides and fungicides were sprayed to control pests and diseases, but weeds were removed by hand to prevent biotic stresses.
All the pots were placed on flat ground under natural conditions and regularly moved to facilitate drainage. The pots in the water drainage scenario (from sowing to harvest) and the waterlogged pots (before and after the treatments) were kept at 15-20% of the volumetric soil water content (approximately 80% of field capacity) by irrigating as necessary.
Experiment Design
The experiment used a completely random design. A winter wheat (Triticum aestivum L.) cultivar Yangmai 23 was used as experimental material, which has been widely grown in the middle and lower reaches of the Yangtze River. All pots were divided into 6 groups (treatments) with 12 pots (replicates) each, of which 5 groups were waterlogged for 10 days beginning at the stem elongation stage (GS33). The pots used for waterlogging treatment were moved into a pool (4 m × 1.2 m × 0.3 m), and then a 1-2 cm layer of water was maintained above the soil surface for the entirety of the waterlogging phase. Following waterlogging treatment, the pots were removed from the water to conduct remedial treatments and allowed to drain freely. These six treatments were (1) the water drainage treatment (DR);
(2) the waterlogging treatment (WA); (3) foliar spray of a urea solution (containing 0.108 g urea per pot) at the 0th day after finishing waterlogging (FU1); (4) foliar spray of urea solution (containing 0.108 g urea per pot) twice at the 0th day and the 7th day after finishing waterlogging (FU2); (5) soil surface spray of urea solution (containing 0.108 g urea per pot) when soil water content was approximately 80% of the field capacity (the 4th day after finishing waterlogging; SU1); and (6) soil surface spray of urea solution (containing 0.216 g urea per pot) when soil water content was approximately 80% of field capacity (SU2). The urea (containing 46% N) applied after waterlogging was labeled 15 N (an isotopic enrichment of 10 atom%, Shanghai Research Institute of Chemical Industry Co. Ltd., Shanghai, China). All urea solutions, containing 0.1% (v/v) Tween 80 as a surfactant, were sprayed at 20 mg per pot each time after sunset. Fifty-milliliter spray bottles were used to spray the solutions evenly on the surface of all leaves or soil. A removable waterproof canopy was used when raining from the end of the waterlogging treatments to the anthesis stage to avoid water from influencing the treatments. The weather data of the experiments and the treatment time points are shown in Figure 1 . The times when wheat plants reached the stages of stem elongation (GS33), anthesis (GS60), and maturity (GS92) were 14 March, 10 April, and 18 May 2018, respectively. three-leaf stage (Zadoks growth stage, GS13). At the four-leaf stage (GS14), each pot was top-dressed with 0.35 g urea, after which 3.3 g compound fertilizer and 0.32 g urea were applied at the stem elongation stage (GS31). Insecticides and fungicides were sprayed to control pests and diseases, but weeds were removed by hand to prevent biotic stresses.
All the pots were placed on flat ground under natural conditions and regularly moved to facilitate drainage. The pots in the water drainage scenario (from sowing to harvest) and the waterlogged pots (before and after the treatments) were kept at 15%-20% of the volumetric soil water content (approximately 80% of field capacity) by irrigating as necessary.
The experiment used a completely random design. A winter wheat (Triticum aestivum L.) cultivar Yangmai 23 was used as experimental material, which has been widely grown in the middle and lower reaches of the Yangtze River. All pots were divided into 6 groups (treatments) with 12 pots (replicates) each, of which 5 groups were waterlogged for 10 days beginning at the stem elongation stage (GS33). The pots used for waterlogging treatment were moved into a pool (4 m × 1.2 m × 0.3 m), and then a 1-2 cm layer of water was maintained above the soil surface for the entirety of the waterlogging phase. Following waterlogging treatment, the pots were removed from the water to conduct remedial treatments and allowed to drain freely. These six treatments were (1) the water drainage treatment (DR); (2) the waterlogging treatment (WA); (3) foliar spray of a urea solution (containing 0.108 g urea per pot) at the 0th day after finishing waterlogging (FU1); (4) foliar spray of urea solution (containing 0.108 g urea per pot) twice at the 0th day and the 7th day after finishing waterlogging (FU2); (5) soil surface spray of urea solution (containing 0.108 g urea per pot) when soil water content was approximately 80% of the field capacity (the 4th day after finishing waterlogging; SU1); and (6) soil surface spray of urea solution (containing 0.216 g urea per pot) when soil water content was approximately 80% of field capacity (SU2). The urea (containing 46% N) applied after waterlogging was labeled 15 N (an isotopic enrichment of 10 atom%, Shanghai Research Institute of Chemical Industry Co. Ltd., Shanghai, China). All urea solutions, containing 0.1% (v/v) Tween 80 as a surfactant, were sprayed at 20 mg per pot each time after sunset. Fifty-milliliter spray bottles were used to spray the solutions evenly on the surface of all leaves or soil. A removable waterproof canopy was used when raining from the end of the waterlogging treatments to the anthesis stage to avoid water from influencing the treatments. The weather data of the experiments and the treatment time points are shown in Figure 1 . The times when wheat plants reached the stages of stem elongation (GS33), anthesis (GS60), and maturity (GS92) were 14 March, 10 April, and 18 May 2018, respectively. 
Measurements and Calculations
Chlorophyll Content and Green Leaf Area
Six culms were labeled for each treatment at the day when waterlogging was completed. Chlorophyll content of the labeled top three leaves (full expansion), including flag leaves and the 2nd and 3rd leaves from the top, was measured from the 0th day after waterlogging to the day of leaf yellowing at seven-day intervals, using a (soil and plant analyzer development) SPAD Chlorophyll Meter (SPAD-502 Plus, Konica Minolta Inc., Tokyo, Japan). The three readings of each leaf at the top, center, and bottom, avoiding the central vein, were averaged as a SPAD reading value.
On the same day, when chlorophyll content was measured, the ratio of green leaf area to whole leaf area was estimated and recorded. At the anthesis stage, when plant biomass was measured, the leaf area of the top three leaves of the main stem was separately measured using a leaf area meter (LI-3000, Li-cor Inc., Lincoln, NE, USA). The results showed that the leaf area of the flag leaf and the 2nd and 3rd leaves from the top was similar between treatments. Thus, green leaf area was assessed as the percentage of green leaf area in relation to the whole leaf area.
Biomass
The plants of three pots were harvested at the anthesis (GS60) and maturity (GS92) stages. The dry matter of the aboveground plants was weighed (oven-dried at 75 • C for ∼36 h). The dry matter weight at anthesis and maturity was defined as the pre-anthesis biomass and the total biomass, respectively. The post-anthesis biomass was defined as the difference in biomass between anthesis and maturity.
Grain Yield and Yield Components
At maturity (GS92), spike number was recorded and harvested from five pots. The average number of kernels per spike, spikelets per spike, and fertile spikelets per spike were calculated from all harvested spikes. Next, these spikes were threshed by hand. The number of kernels per pot was counted and weighed to calculate the kernel number per spike and 1000-kernel weight. A grain analyzer (Infratec™ 1241, Foss, Hillerød, Denmark) was used to measure the grain moisture, and then grains were adjusted to 13% moisture. Spikelet fertility was defined as being the number of fertile spikelets divided by the total number of spikelets per spike. The number of kernels per spikelet was defined as being the number of kernels divided by the number of fertile spikelets per spike.
N Uptake, N Efficiency, and 15 N Recovery
The samples, which were used to measure biomass at the maturity stages, were oven-dried, ground to a fine powder (sieved using a 0.1-mm mesh size), and analyzed for N concentrations using the indophenol blue method [43] and 15 N enrichment using an isotope ratio mass spectrometer (MAT271, Thermo Fisher Scientific, Waltham, MA, USA).
Total N uptake was calculated based on total biomass and N concentration. N partial factor productivity (g·g −1 ) was defined as dry grain yield divided by total applied N rates.
Recovery and percentage recovery of 15 where Nt is total N uptake; 15 Nfp, 15 Nnfp, and 15 Nfert are the 15 N enrichment (atom%) in the fertilized plants (under the FU1, FU2, SU1, or SU2 treatments), in the unfertilized plants (under the WA treatment), and in the fertilizer, respectively; and f is the N rate as remedial application.
Statistical Analysis
Data were analyzed using the software Data Processing System 7.05 (DPS, Shanghai, China). Analysis of variance (ANOVA) was performed to determine the significance according to the model of a completely random design. The least significant difference (LSD) test (p = 0.05) was used to analyze the differences among treatments. Furthermore, Pearson's correlation was calculated.
Results
Grain Yield and Yield Components
Waterlogging significantly reduced grain yield by 11% (Table 1) . Compared with WA, the remedial measures (FU1, FU2, SU1, and SU2) increased grain yield by 6-17%, but significant differences were only found between FU2 and WA and SU2 and WA. Grain yields with these remedial treatments were similar or even slightly higher than that with DR.
There were similar spike numbers per pot among treatments (Table 1) . Waterlogging significantly reduced kernel number per spike, but did not affect the 1000-kernel weight. No significant differences in the number of kernels per spike and 1000-kernel weight were observed between WA and FU1. Compared with WA, FU2, SU1, and SU2 exhibited a significant increase in the number of kernels per spike, but their 1000-kernel weight was lower than that of WA. In addition, kernel number per spike with FU2 and SU2 was greatly higher than that with DR. Correlation analyses exhibited that kernel number per spike was significantly related to grain yield under all treatments (r = 0.86, p < 0.05). 
Biomass
Waterlogging stress did not affect biomass before anthesis, but significantly reduced post-anthesis biomass and total biomass ( Table 1) . Compared with WA, FU1 only increased post-anthesis biomass, but FU2, SU1, and SU2 increased both pre-anthesis and post-anthesis biomass, resulting in higher total biomasses. There were similar pre-anthesis, post-anthesis, and total biomasses between DR and FU1. Additionally, pre-anthesis biomass under FU2, SU1, and SU2 was significantly higher than that under DR. Post-anthesis biomass under FU2 and SU2 was similar to DR, but SU1 was lower. These resulted in total biomass under SU1 and SU2 similar to DR, but that of FU2 was higher than DR. Correlation analyses indicated that post-anthesis biomass and total biomass were significantly and positively related to grain yield under all the treatments (r = 0.87, p < 0.05; r = 0.91, p < 0.01).
Agriculture 2020, 10, 23 6 of 13
Spike Characters
Waterlogging significantly reduced single spike yield ( Table 2) . Compared with WA, FU1 and SU2 slightly increased single spike yield, and FU2 greatly increased it. Single spike yield with FU2 and SU2 was similar to DR, whereas that with FU1 and SU1 was lower than DR.
The treatments, including waterlogging and subsequent urea application, did not affect the number of spikelets per spike ( Table 2) . Waterlogging significantly decreased spikelet fertility and kernel number per spike. The remedial treatments (FU1, FU2, SU1, and SU2) greatly boosted spikelet fertility compared with WA, and spikelet fertility under FU2 and SU2 was even higher than that under DR. Among these treatments, FU2 showed the highest spikelet fertility, followed by SU2. Additionally, kernels per spikelet under FU2 and SU2 were higher than that under both WA and DR. Compared with WA, FU1 only slightly increased kernels per spikelet, but SU1 dramatically increased it, resulting in a non-significant difference between SU1 and DR. Correlation analyses indicated that the improvement in kernel number per spike was strongly related to increased spikelet fertility and kernel number per spikelet (r = 0.92, p < 0.01; r = 0.99, p < 0.01). 
Green Leaf Area of the Top Three Leaves
The treatments, including waterlogging and subsequent urea application, did not immediately change the green leaf area of the top three leaves (Figure 2 ). Until the 38th, 45th, and 45th day after waterlogging, the green leaf area of the 3rd, 2nd, and 1st (flag leaf) leaf from the top began to exhibit changes. Waterlogging substantially decreased the green leaf area of the leaves, but subsequent remedial measures improved these to varying degrees, which was dependent on leaf position and measuring time. Compared with WA, SU1 did not obviously improve the green leaf area of the 3rd leaf from the top. FU1 exhibited a significant improvement in green leaf area, but was still lower than that under DR. SU2 maintained its green leaf area at the DR level only within a short time (at the 38th day after waterlogging). FU2 had an equivalent or higher green leaf area relative to DR. The remedial treatments (FU1, FU2, SU1, and SU2) significantly improved the green area leaf of the 2nd leaf from the top, but only the plants under SU2 showed an equivalent area with DR. At the 45th day after waterlogging, the green area leaf of flag leaf under all the remedial treatments was similar to DR. When measuring on the 52nd day after waterlogging, the green leaf area of the flag leaves under SU1 and SU2 was still similar to DR, and FU2 was higher than DR, whereas FU1 was lower than DR.
Correlation analyses (Table 3) showed that post-anthesis biomass was closely related to the green leaf area of the 3rd, 2nd, and 1st leaves from the top, which were measured on the 38th, 45th, and 45th day after waterlogging, respectively. In addition, the green leaf area of the flag leaf, which was measured on the 52nd day after waterlogging, was positively correlated with spikelet fertility, the number of kernels per spikelet, and the number of kernels per spike. day after waterlogging). FU2 had an equivalent or higher green leaf area relative to DR. The remedial treatments (FU1, FU2, SU1, and SU2) significantly improved the green area leaf of the 2nd leaf from the top, but only the plants under SU2 showed an equivalent area with DR. At the 45th day after waterlogging, the green area leaf of flag leaf under all the remedial treatments was similar to DR. When measuring on the 52nd day after waterlogging, the green leaf area of the flag leaves under SU1 and SU2 was still similar to DR, and FU2 was higher than DR, whereas FU1 was lower than DR. Time after waterlogging (days) Figure 2 . Variations in green leaf area of (A) the 3rd leaf from the top, (B) the 2nd leaf from the top, and (C) flag leaf relative to the water drainage treatment (DR) for different remedial treatments after waterlogging. ns, *, and ** indicate the non-significant difference and the significant difference at p < 0.05 and p < 0.01, respectively, in the green leaf area among the water drainage treatment (DR), the waterlogging treatment (WA), and the remedial treatments (FU1, FU2, SU1, and SU2). 
Chlorophyll Content of the Top Three Leaves
The chlorophyll content of the top three leaves (after the finishing of waterlogging) was significantly affected by the treatments (Figure 3) . Waterlogging significantly decreased the chlorophyll content of the leaves, and the reduction increased over time. The remedial measures after waterlogging (FU1, FU2, SU1, and SU2) resulted in an increase in chlorophyll content to varying degrees, which was dependent on leaf position and time point. Compared with WA, FU1 and SU1 did not exhibit a significant improvement in chlorophyll content in the top three leaves, with a few exceptions. The chlorophyll content of the flag leaves, which was measured on the 45th day after waterlogging, was considerably higher under FU1 and SU1 than WA and DR, which were measured on the 52nd day after waterlogging, and was still higher under SU1 than WA and DR. Compared with WA, FU2 improved the chlorophyll content of the top leaves during senescence (from the 31st to 45th day after waterlogging for the 3rd and 2nd leaves from the top, and from the 45th to 52nd day after waterlogging for the flag leaves). Also, the top three leaves of FU2 relative to DR showed higher chlorophyll content on the 45th day after waterlogging and that of the flag leaves on the 52nd day after waterlogging. Among these remedial treatments, SU2 improves the chlorophyll content of the top leaves much earlier (from the 17th to 38th, 24th to 45th, and 24th to 52nd day after waterlogging for the 3rd, 2nd, and 1st leaves from the top, respectively). Compared with DR, the top two leaves of SU2 showed a higher chlorophyll content only at their senescence/late phase (the 2nd leaf from the top on the 45th day after waterlogging and flag leaf on the 45th and 52nd day after waterlogging). 
N Uptake, N Efficiency, 15 NREC, and % 15 NREC
Waterlogging significantly reduced total N uptake by 18% and N partial factor productivity by 11% ( Table 5 ). The remedial treatments (FU1, FU2, SU1, and SU2) significantly improved total N uptake (by 7%-36%) compared with WA, but only SU2 was significantly higher than DR. Also, total N uptake with FU2 was similar with DR. Furthermore, FU1 and SU1 just slightly increased N partial factor productivity (both by 3%) relative to WA, and FU2 and SU2 effectively promoted (by 17% and 12%) it, thereby resulting in an equivalent value with DR.
Marked differences were observed in 15 NREC between different remedial treatments. Among these treatments, SU2 showed the highest 15 NREC, followed by FU2, and FU1 had the lowest. There Correlation analyses (Table 4 ) showed that the chlorophyll content of the 2nd leaf from the top and flag leaf, which was measured separately on the 45th and 52nd day after waterlogging, was positively correlated with spikelet fertility, the number of kernels per spikelet, and the number of kernels per spike. Waterlogging significantly reduced total N uptake by 18% and N partial factor productivity by 11% ( Table 5 ). The remedial treatments (FU1, FU2, SU1, and SU2) significantly improved total N uptake (by 7-36%) compared with WA, but only SU2 was significantly higher than DR. Also, total N uptake with FU2 was similar with DR. Furthermore, FU1 and SU1 just slightly increased N partial factor productivity (both by 3%) relative to WA, and FU2 and SU2 effectively promoted (by 17% and 12%) it, thereby resulting in an equivalent value with DR.
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Marked differences were observed in 15 N REC between different remedial treatments. Among these treatments, SU2 showed the highest 15 N REC , followed by FU2, and FU1 had the lowest. There was a similar % 15 N REC between SU1 and SU2, which was significantly higher than FU1 and FU2. Compared with FU1, % 15 N REC under FU2 was higher. Table 5 . Effects of urea applied after waterlogging on N uptake, N efficiency, and 15 N REC .
Treatments
Total N Uptake (g·pot −1 ) N Partial Factor Productivity (g·g −1 ) 15 
Discussion
Owing to strong denitrification and leaching in waterlogged soils, there was low available nitrogen in soil, adversely affecting plant growth [31, 45] . Therefore, grain yield and nutrient uptake decreased [32, 34, 46] , causing low efficient use of applied fertilizers. Unused nitrogen likely harms the environment through leaching of nitrate into groundwater, surface run-off, and eutrophication of aquatic ecosystems [47] . The results of the present study were concordant with those of previous studies, showing that waterlogging significantly reduced grain yield, total N uptake, and N partial factor productivity (Tables 1 and 5 ).
To reduce yield losses, additional fertilizer inputs have been attempted at different time points before and after waterlogging. Nguyen et al. [48] showed that cotton yield losses caused by waterlogging could not fully be counteracted by the high rates of N fertilizer applied once before planting. Similar results were obtained by Robertson et al. [33] , who considered that high N applied at sowing did not affect grain yield of waterlogged wheat, but N application after waterlogging could reduce the detrimental effect of waterlogging. In the field where waterlogging events are not frequent, split N applied at the critical growth stages exhibited equivalent effects with applying N after waterlogging [35] , but when waterlogging occurs more frequently or at the late growth stage (after anthesis), the effects of splitting N application on alleviating the damages were not significant [34, 35] . N by foliar spraying, when waterlogging was implemented after anthesis, could effectively alleviate wheat yield losses [40] . Our study showed that foliar and soil surface spray of urea solution after waterlogging prevent yield loss, which was caused by waterlogging during the stem elongation stage ( Table 1 ). Compared with low doses of urea application, the grain yield of waterlogged wheat could be better alleviated by increased doses, resulting in slightly higher grain yield compared with natural control.
Moreover, the remedial applications of urea significantly improved total N uptake in waterlogged plants ( Table 5 ). With increased application rates, total N uptake and applied N recovery ( 15 N REC ) significantly improved, especially by directly applying in soil, indicating that roots remain highly active in absorbing N after waterlogging. Although the root system capacity of recovery after waterlogging was lower than that of shoots [18] , root growth and vigor showed significant recovery after the termination of waterlogging [49] . Waterlogging resulted in the death of seminal roots and restriction of adventitious roots and axile root length in wheat, but induced the development of surface adventitious and axile roots [30, 31] . Therefore, a possible root vigor recovery and/or surface root growth may facilitate the uptake of applied N in soil. In addition, Pang et al. [39] reported that spraying of foliar nutrients promotes the growth of adventitious roots and plant nutrients in barley.
The results of the present study revealed that N applied to soil could be absorbed at higher quantities compared with foliar application, but there was a similar N partial factor productivity between two types of applications (Table 5 ). This indicates that foliar spraying allows nutrients to be utilized efficiently, and soil application allows the nutrient to be absorbed efficiently. In the case of foliar application, the nutrients penetrate the cuticle of the leaves or the stomata and then enter the cells, thus improving utilization efficiency [50] . Also, the percentage recovery of applied N (% 15 N REC ) was lower using foliar spray than soil face spray (Table 5) , possibly owing to low absorption capacity of old leaves, stems, leaf sheaths, and spikes.
Previous studies have reported that waterlogging during stem elongation reduces wheat yield mainly owing to a reduction in grain number [23, 24] , which is mostly the result of a decrease in kernel number per spike [23] . This study observed that waterlogging greatly reduced kernel number per spike, but did not affect spike number and kernel weight (Table 1 ). However, Araki et al. [22] considered that waterlogging during stem elongation mainly decreased kernel weight, causing yield losses. These results may have thus varied with waterlogging methods and cultivars. Our remedial measures could increase kernel number per spike, but also decrease kernel weight to different degrees ( Table 1 ). The increase in kernel number per spike was the result of improved spikelet fertility and the number of kernels per spikelet ( Table 2 ). One explanation for these results is that urea application improved grain-filling in inferior grains, causing an increase in the number of kernels with poor filling and a decrease in the average kernel weight. Additionally, the present study showed that the application of high doses of urea (FU2 and SU2) achieved higher spikelet fertility, number of kernels per spikelet, and number of kernels per spike relative to natural control (Tables 1 and 2 ). In this study, the application time of urea after waterlogging was close to the early-booting stage (flag leaf visible), when top-dressing fertilizers facilitate the improvement of kernel number per spike [51] .
Waterlogging stress adversely affects leaf photosynthetic capacity, accelerates leaf senescence, and reduces photoassimilate accumulation [12, 13, 22] . This study showed that waterlogging significantly decreased the chlorophyll content of the top three leaves after the stress and their green leaf area during the senescence phase (Figures 2 and 3 ), leading to a reduction of post-anthesis biomass. Although waterlogging reduced the chlorophyll content in the leaves before anthesis (the 28th day after waterlogging), these reductions did not affect pre-anthesis biomass ( Table 1) . Remedial measures improved the chlorophyll content of leaves before anthesis to varying degrees, but not significantly higher than the natural control, although pre-anthesis biomass under some measures (FU2, SU1, and SU2) exhibited a significant improvement compared with the natural control. We observed that leaves under remedial measures relative to the natural control exhibited a higher chlorophyll content along with the maintenance and even improvement of the green leaf area during senescence. In addition, the green leaf area of the top leaves at the aging stage was closely related to post-anthesis biomass ( Table 3 ). These results indicated that urea application facilitated in delaying the senescence of old leaves, thereby improving pre-anthesis and post-anthesis biomass of waterlogged plants as a consequence of boosted photosynthesis. Similar results were reported by Pang et al. [39] , who described the beneficial effects of nutrient sprays, which included reduced leaf senescence and increased chlorophyll net CO 2 assimilation and photochemical efficiency of (Photosystem II) PSII compared with waterlogged plants with no added foliar nutrients. In addition, Jiang et al. [34] considered that the application of high concentrations of N fertilizers under post-anthesis waterlogging could increase N content in the flag leaves.
Moreover, this study indicated that increased doses of urea application better maintained the green leaf area of leaves, as well as rapidly improved their chlorophyll content (Figures 2 and 3) . Compared with the natural control, foliar spraying of urea at a high dose (FU2) after waterlogging resulted in a significant increase in green leaf area and chlorophyll content of the top three leaves at their senescence late phase, while soil application of urea at a high dose (SU2) only delayed the senescence of the top two leaves. These differences between foliar spraying and soil application of urea likely resulted in varying biomass, spike characteristics, and grain yield. Further studies are required to verify the effects of these remedial measures in the field.
Conclusions
Waterlogging during the stem elongation stage significantly decreases grain yield, N uptake, and N partial factor productivity, adversely affecting the economic and environmental benefit of wheat
